We demonstrate ultrasensitive detection of pathogenic DNA in a homogeneous assay at the single-molecule level applying two-color coincidence analysis. The target molecule we quantify is a 100 nucleotide long synthetic singlestranded oligonucleotide adapted from Streptococcus pneumoniae, a bacterium causing lower respiratory tract infections. Using spontaneous hybridization of two differently fluorescing Molecular Beacons we demonstrate a detection sensitivity of 100 fM (10 −13 M) in 30 seconds applying a simple microfluidic device with a 100 μm channel and confocal two-color fluorescence microscopy.
INTRODUCTION
The fast and sensitive early stage detection of viral or bacterial infections in times of a rapid growing population is of utmost importance
1
. The key to health is early medication to maximize the healing probability. On the other hand, currently standard pathogen detection is very time-consuming because it is based on culturing of pathogens on growth medium and counting of the number of colony forming units after several days to weeks. During this time the potential disease progresses. The next step usually comprises PCR 2 to amplify the amount of pathogenic material to a level that enables standard detection and identification of the specimen. However, PCR is an additional time-consuming step and exhibits sometimes problems associated with the unspecific amplification of DNA material present in the sample. Therefore, reliable and fast assays for the specific detection of DNA sequences in homogeneous solution avoiding any time-consuming additional amplification step are urgently needed. Here, we introduce a comparably simple method for fast and sensitive PCR-free two-color coincidence detection of DNA sequences. The synthetic target sequence with a length of 100 nucleotides was adopted from the binding sequence of the penecillin binding protein on Streptococcus pneumoniae DNA. Using quenched DNA hairpins (Molecular Beacons)
3, 4 and a microfluidic channel with flow velocities of about 0.4 cm s −1 . Single-molecule coincidence detection of fluorescently labeled nucleic acids hybridizing to the same target sequence has been already reported previously 5, 6 . However, we show the detection of target molecules down to a concentration of 100 fM (10 −13 M) with so far unmatched acquisition time. The DNA-hairpin hybrids formed, pass the excitation volume where each molecule is excited simultaneously with two different lasers followed by coincidence detection of the photons registered on two spectrally separated avalanche photodiodes. The use of the microfluidic channels enables the detection of a coincidence event on average every five seconds at a target concentration of 10 −13 M. Thus, an acquisition time of 30 seconds is sufficient to reproducibly identify DNA sequences. Our method volunteers as simple method for very fast 7, 8 specific and sensitive detection of nucleic acids.
MATERIAL AND METHODS

DNA Probes
There are guidelines available in literature to design efficient Molecular Beacons taking thermodynamic considerations into account 9 . Our model sequence is chosen from the bacteria Streptococcus pneumoniae that is causing lower respiratory tract infections. The used sequence for this proof of concept is the one from the Penicillin Binding Protein (PBP 1a) with a length of 100 nucleotides: gaccttattcaaagtctcaacggctgtgacatttcgtgat[tgttgaagagcatattgcag]agtaatattaccgaaatatg[ctctatcccagttgtagaca] The areas where the complementary hairpins hybridize are shown in brackets.
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Design of Molecular Beacons
The first hairpin is 5' modified with Atto565 and 3'-modified with the BHQ2(Black hole quencher 2). Sequence: CCCTGcaatatgctcttcaaCAGGG where the nucleotides given in capital letters form the stem. The second hairpin is 5'-modified with Atto647N and 3'-modified with BBQ650 (Black Berry Quencher 650). Sequence: GGGTCTacaactgggatagAGACC.
DNA Duplex
As a model sequence we investigated a doubly labeled synthetic DNA duplex consisting of 20 nucleotides. The 5'-end is functionalized with Atto647N and the 3'-end is functionalized with Atto565.
The DNA duplex was delivered by IBA GmbH Germany as a double HPLC grade sample at concentrations of 10 −4 M. The sequence is a 20mer poly-A strand hybridized to a complementary poly-T strand to reduce polymer dynamics.
Buffer and Assay hybridization conditions
The stock concentration of target DNA was diluted from 10 −4 M to 10 −13 M in PBS with additional 800mM of NaCl. Hybridization 10, 11 was performed in the presence of 10 −9 M concentrations of both Molecular Beacons. Hybridization was done in two steps: First, the sample was heated to 95
• C in steps of 1 • C/min. Second, the temperature was decreased to 20
• C again in steps of 1 • C/min. After 30 minutes the sample is introduced in a microfluidic channel with a width of 300 μm and a height of 100 μm. The microfluidic channel was drilled in a PMMA substrate (76.15 mm x 26 mm x 3.9 mm). The channel is tightly covered with a simple Tesafilm strip (Tesa Cristal Clear) with a thickness of 40 μm. The flow of the sample through the channel was realized by applying a pressure of 20 hPa(0.02 bar) using a Femtojet (Eppendorf). The flow of the solvent can thus easily be calculated according to the Hagen-Poisseuille equation.
Detection concept
The upper mentioned Molecular Beacons contain a quencher and a fluorescent dye ensuring strong fluorescence quenching in their cloesd state. Once the hairpins are mixed with a certain concentration of the target molecule, they hybridize spontaneously and fluorescence is released. Fluorescence photons emitted are collected by the microscope objective and imaged on the active areas of two spectrally separated avalanche photodiodes (Fig. 1) . This side defines the bottom of the channel which is in contact with the immersion oil. To cover the channel we used commercially available Tesafilm strips(Crystal clear) with a thickness of 40 μm. The channel is finalized with two holes at its ends with a diameter of 3 mm. In one of the holes a commercially available flexible HPLC tubing connects the channel with an Eppendorf Femtojet machine. The other hole provides the outflow of the solvent after being pushed through the channel.
RESULTS AND DISCUSSION
As a calibration experiment we prepared six different concentrations of the doubly labeled DNA molecule diluting the stock solution down to concentrations of 10 −10 M to 10 −13 M. These solutions were used for single-molecule coincidence experiments in an open detection volume. Coincidence events detected in five minutes are plotted against the concentration in Fig. 3 . As expected the number of coincidence events increases with increasing concentration up to a concentration of 10 picomolar (pM) but decreases again for higher concentrations. The observed decrease for higher concentrations can be most possibly explained by problems in proper burst recognition with increasing number of imperfectly separated fluorescence bursts. Depending on the threshold and separation parameters used such bursts are prone to be discarded by the software. (Fig.4(b) ) fluorescence bursts are easily detected with a mean signal-to-noise (SNR) ratio of ∼ 50. Interestingly, the SNR detected in the microchannel is higher than the one detected from the same sample in an open volume which is ∼ 20. By confinig the volume and application of the flow the increase in SNR is due to the fact that the molecules take similar paths through the overlapping detection volume. Assuming free diffusion, a simple two-dimensional random-walk simulation reveals that it would take (19.86±2.55)h to detect 6 coincidence events at a target concentration of 100 femtomolar(fM). On the other hand, the use of a simple microchannel and application of a flow velocity of ∼ 0.4 cm s −1 enables the detection of 6 coincidence events from a 100 fM target solution in only 30s.
With continuing dilution of the target sequence, both the total number of fluorescence bursts and coincidence events decreases almost exponentially (Fig. 5(b) ). From target concentrations of 100 pM down to 100 fM the number of coincidence events decreases by a factor of 20 well above the baseline, because false-positive coincidence events are very unlikely when efficently quenched DNA hairpins are used as probes. In the case of standard fluorescent probes flase-positive coincidence events can not be completely eliminated 14 . When using efficently quenched DNA hairpins as probes the number of coincidence events strongly correlates with the total number of single molecule signals (Fig. 5(a) ). The correlation coefficient of 0.98 indicates a strong linear dependency. For each target concentration we measured the coincidence rate (Fig.5(c) ). For the lowest concentration used (100 fM) we detect a coincidence rate of 0.23 Hz corresponding to one coincidence event every 4-5 seconds. Our data clearly demonstrate that the detection sensitivity achievable is mainly determined by the quenching efficiency of the Molecular Beacons and the acquisition time and enables theoretically much higher detection sensitivities eventually even below the femtomolar regime. As the linear regression in Fig. 5(c) reveals a Y-intercept of ∼ 0.12 Hz which strongly indicates that with this technique the detection limit is not yet reached. 
CONCLUSIONS
In the present work we demonstrated a simple method for fast, sensitive, amplification-free and highly specific single molecule detection and its application to the detection of pathogenic DNA down to a target concentration of 100 fM within 30 seconds only. The method relies on the use of two efficiently quenched Molecular Beacons and the coincidence detection. The method takes advantage of the fact that higher probe concentrations can be applied and that unbound probes do not increase the fluorescence background. Our data indicate that the method has the potential to achieve even higher sensitivities, eventually even down to the sub-femtomolar concentration range without application of any amplification step.
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